The H-NS protein: a modulator that facilitates horizontal gene transfer in Gram negative bacteria
Horizontal gene transfer (HGT), non-hereditary transfer of genetic material between organisms, accounts for a significant proportion of the genetic variability in bacteria. HGT occurs through the acquisition of genetic elements of a wide range of sizes, which encode functions that enable bacterial cells to adapt to a variety of environmental conditions; outstanding examples include multidrug resistance determinants and several virulence factors. The degree of variability of genomic material within a particular class of organisms (e.g. a species), occurring through both HGT and other mechanisms, is referred to as genomic plasticity.
The acquisition of foreign DNA may provide bacterial cells with additional gene functions, enabling them to colonize new niches in the long term. Nevertheless, in the short term it may significantly reduce the fitness of the recipient cell, which would then be selected against within the population. The mechanism that accounts for the negative effect may be uncontrolled expression of the HGT-encoded genes. While host cell regulatory networks fine tune expression of the core genome, recently acquired genes may be elusive to the modulating effect of these networks. In the past few years relevant information has become available with respect to the mechanisms that bacteria use to modulate HGT DNA. In Gram negative bacteria, the Histone-like Nucleoid Structuring (H-NS) protein is a key element to silence unwanted expression of foreign DNA [1] [2] [3] . This protein belongs to the superfamily of the bacterial nucleoidassociated proteins [4, 5] and is widely distributed. The H-NS protein contributes to DNA architecture and, in addition, modulates gene expression. H-NS target genes that are located within both the core genome and also HGT DNA [6] . Interaction of H-NS with DNA leads to H-NS oligomerization, resulting in transcriptional silencing and repression of the corresponding gene. These findings, alongside with the fact that HGT DNA is significantly AT-biased [7] , support the notion that H-NS is likely to modulate HGT DNA expression in a preferential manner. H-NS silenced genes can be only expressed when physicochemical factors (i.e., an increase in temperature) and/or cellular factors (i.e., proteins interfering with H-NS activity) reduce the affinity of this protein for its target promoters.
Hha-like proteins: a distinctive regulatory element of the Enterobacteriaceae that interacts with H-NS.
The Hha family includes a group of sequence-related low molecular mass proteins (molecular mass of about 8 kDa) involved in gene regulation in different enterobacterial genera. Remarkably, genes coding for such proteins can be present in one or more copies per chromosome or in transmissible elements such as plasmids in members of the Enterobacteriaceae family, but not in other genera such as Vibrio or Aeromonas, which also express proteins of the H-NS family [8] The first reported members of the family were the high hemolytic activity (Hha) protein of E. coli and the YmoA protein of Yersinia enterocolitica [9, 10] . These proteins, which share an 82% amino acid identity, modulate the expression of virulence factor genes. The pleiotropic phenotypes exhibited by hha and ymoA mutants include altered plasmid supercoiling [11] and increased IS transposition [12, 13] . Both of these properties, which are reminiscent of those of the E. coli hns mutants, suggested that Hha and YmoA are a distinct family of nucleoid associated proteins that modulate bacterial gene expression [12, 13] . Since then, several other members of the family have been reported and characterized in E. coli and in other enteric species, such as Salmonella enterica serovar Typhimurium [14, 15] . hha mutants were identified by their increased production of the toxin α-haemolysin in E. coli [9] . Further studies showed that Hha controls the expression of other E. coli virulence factor genes, all of them tightly regulated by environmental parameters such as osmolarity and temperature [16] [17] [18] , as well as the expression of many other genes [19] . In S. enterica serovar Typhimurium, Hha plays a role in the environmental regulation of the hilA gene, a transcriptional activator of invasion genes [20] . Hha exerts a negative effect on hilA expression, hence participating in the regulatory cascade that modulates the production of the type III secretion apparatus proteins and secreted effector proteins encoded by Salmonella pathogenicity island 1 (SPI-1). The Y. enterocolitica YmoA protein is a key regulator of virulence gene expression by environmental conditions. In addition to its role in the temperature-dependent production of the Yop proteins and YadA adhesin in Y. enterocolitica [10, 12] , YmoA also modulates invasin production in Y. enterocolitica [21] and the type III secretion system in Y. pestis [22] .
As mentioned above, some enterobacterial chromosomes possess several hha-like genes. The YdgT protein, a Hha paralogue, was identified in E. coli [23] , Salmonella and Shigella. This protein is a negative modulator of the S. enterica pathogenicity island 2 (SPI-2) [24] . Hha-like proteins encoded by conjugative plasmids might modulate specific plasmid functions, as exemplified by the IncHI plasmid R27 hha-like gene that influences the temperature-dependent modulation of plasmid transfer [25] .
Studies on the mechanism of action of the Hha protein are based on the Hha-mediated environmental down-regulation of the hlyCABD operon in E. coli, which encodes the toxin α-haemolysin [9, 11] . Hha does not bind directly to specific DNA sequences of the hlyCABD operon. Instead, Hha binds to H-NS, which in turn binds to specific regions of regulatory sequences in this operon [26, 27] . These results are consistent with data showing that hha and hns mutants affect α-haemolysin production independently and simultaneously [26, 27] and that the Hha-H-NS complex is required for efficient repression of α-haemolysin production. Hha, H-NS and their paralogues (YdgT and StpA, respectively) can also interact [23] . Y. enterocolitica YmoA and H-NS [28] also form complexes, suggesting a functional partnership. Moreover, the co-regulation of gene expression mediated by members of both families of proteins has been described for loci other than the hlyCABD operon (e.g., the inv gene of Y.enterocolitica [29] and the hilA gene of Salmonella enterica [30] ).
The current model for temperature-dependent H-NS-mediated repression of the virF promoter proposes that H-NS binds to two specific sites along the regulatory region. Further oligomerization of the protein generates a DNA loop that silences the virF gene according to temperature-dependent DNA conformational transitions [31, 32] . H-NS-mediated thermoregulation of α-haemolysin production in E. coli by Hha and H-NS was also explained by this model [26, 27] .
Previous findings indicated that the Hha/YmoA family of proteins modulates the expression of virulence rather than housekeeping genes [9, 10, 18, 20, 21, 24, 29] . Recent transcriptomic studies in E.coli and Salmonella have provided evidence that H-NS-Hha complexes modulate only a subset of H-NS-modulated genes [33] [34] [35] . Indeed, the bulk of genes co-modulated by H-NS-Hha are mainly HGT genes. Hence, a relevant function for Hha-like proteins is to contribute to H-NS-mediated silencing of HGT DNA in enteric bacteria. Considering that H-NS is able to modulate both core genome and HGT genes, Hha and its paralogues may play a role allowing H-NS to discriminate between core and HGT promoters, thus establishing the basis for a differential regulation. A recent report has demonstrated that H-NS/core DNA and H-NS/HGT DNA complexes differ in the extent of the DNA stretch that is nucleated by H-NS oligomers (shorter stretches in core DNA/H-NS complexes and longer stretches in HGT DNA/H-NS complexes) [36] . In addition to protein properties, relevant DNA signals would dictate the type of nucleoprotein complexes generated.
Hence, an attractive hypothesis is that Hha-like proteins help H-NS to oligomerize and effectively spread along both the promoter region and the coding region of HGT genes, efficiently silencing them. HGT genes silenced by H-NS/Hha complexes would require a complex combination of environmental factors and anti-H-NS proteins to be effectively induced. On the other hand, homomeric H-NS/DNA complexes would be more readily induced in response to specific stimuli as, for instance, the proU operon in response to osmolarity.
Structural features of Hha-like proteins
The three-dimensional structures of Hha [37] and YdgT [38] , both from E. coli, and YmoA [39] have been determined by nuclear magnetic resonance (NMR). As expected from the high degree of sequence similarity, the tertiary structures of the three proteins are very similar (Figure 1 ). They share a structural core formed by helices 1-3, which are arranged in a helical bundle stabilized mainly by hydrophobic contacts. Despite shown as a ribbon model. The C-terminal part of YdgT (residues 58 to 71) which was described as unstructured is not present in the reported structure (pdb code 2JQT) and therefore is not included in the surface representation.
small differences in the length of the individual helical segments, the backbone of helices 1-3 overlay with a root-mean-square deviation of 1.5 Å for the Hha/YmoA pair and 2 Å for the Hha/YdgT pair. There are, however, noticeable differences in the C-terminal region of the proteins. A short additional helix (helix 4) is present in Hha and YmoA but not in YdgT. Furthermore, helix 4 is positioned quite differently in the Hha and YmoA structures, although in both proteins it interacts with the C-terminal part of helix 3.
The three proteins display a non-homogeneous charge distribution. Whereas helices 1 and 2 are rich in basic residues and form a highly positively charged surface, the opposite face of the molecule is mainly acidic. This dipolar distribution is more pronounced in YmoA and YdgT, proteins with a mildly acidic isoelectric point (6.06 and 6.25 respectively), than in Hha that is a moderate basic protein (pI 8.79). The Hha/H-NS interaction has been studied at the molecular level using NMR. It was shown that a conformational change of Hha is involved in H-NS binding. A similar dynamic equilibrium affecting the packing of the helices was also detected in free Hha and is strongly affected by changing the temperature from 25 to 37ºC [40] . The intrinsic dynamics of Hha-like proteins could control the formation of Hha/H-NS heterocomplexes and, as a result, affect gene transcription.
Additional modulatory roles of Hhalike proteins
Most of the studies about the role of proteins belonging to the Hha family have been conducted with actively growing cells in liquid cultures [41] . When studying E.coli biofilms it was discovered that the Hha protein was significantly induced when compared to planktonic cells [35, 42] . When induced, Hha represses biofilm formation and leads to cell dispersal and lysis. Biofilmrelevant genes that are targeted upon over-expression of Hha are, among others, proteases such as Lon, ClpP and ClpX, prophage genes and rare tRNA genes [35, 43] . Hha over-expression results in increased protease synthesis and excision of the above referred prophages. Both processes are known to increase cell lysis. In addition, by repressing rare tRNA genes, Hha would repress biofilm formation via fimA (type I fimbriae genes are biased towards rare codons [35] ). Hha might play a dual role in the enterobacterial cell: co-silence HGT genes with H-NS and modulate gene expression in biofilms. Some of these latter functions might not require interaction with H-NS. A proportion (about 40%) of the genes targeted by His-tagged Hha in the presence of H-NS was still targeted in the absence of this latter protein [35] . Whether Hha interacts with proteins different of H-NS to modulate gene expression remains to be determined.
H-NS and Hha-like proteins encoded by plasmids
An additional distinctive feature of both families of proteins is that several plasmids also code for these proteins [44] . Interestingly, 55% of those plasmids encoding an H-NS paralogue also encode an Hha paralogue. In contrast, Hha paralogues were encoded in only 5% of all the plasmids analyzed [44] . This further supports the close relationship between H-NS and Hha-like proteins.
With respect to H-NS paralogues of plasmid origin, independent studies suggest that the main role of plasmid-encoded H-NS proteins is to increase intracellular H-NS concentration. This would prevent AT-rich sequences from titrating out H-NS encoded proteins and thus alter the regulation of the recipient cell [45] . Furthermore, plasmid-encoded H-NS proteins have evolved to not interfere with regulation of core genes [34] . These features must facilitate transmission of several plasmids within hosts belonging to the family.
Hha-like proteins of plasmid origin have been less characterized. Nevertheless, it is remarkable that they are completely restricted to plasmids isolated from enterobacteria. We have analyzed 69 plasmids that contain at least one copy of an hha-like gene. A significant percentage (31%) of these plasmids also contained an hns gene. The phylogenetic analysis of the 69 plasmid-encoded Hha-like proteins (Figure 2 ), showed that a group of very similar Hha proteins clustered in a branch that corresponds to Hha enclosed in plasmids that do not harbour an hns copy. This cluster of plasmids is restricted to E. coli and Shigella, with only two exceptions found in Salmonella and Citrobacter. Moreover, all these plasmids are confined to the incompatibility group IncF and belong to the MOB F group of plasmids proposed by Garcillan-Barcia et al. [46] . It is noteworthy mentioning that despite the large number of plasmid types known to occur among E. coli strains, plasmids encoding virulence-associated traits fall almost exclusively within the single incompatibility family IncF. Therefore, it is tempting to think of the plasmid-encoded Hha-like proteins as regulators of the expression of virulence factors encoded in those plasmids and hence on the implications of this protein on the virulence of pathogenic E. coli strains. The rest of Hha-like proteins of the tree can be found in many Figure 2 . Evolutionary relationship of plasmid-encoded Hha-like proteins. The phylogenetic relationship of the amino acid sequences of plasmidencoded Hha-like proteins was inferred using the Neighbor-Joining method [56] . The tree is drawn to scale, with branch lengths in the same units as those of the evolutionary distances used to infer the phylogenetic tree. Evolutionary analyses were conducted in MEGA5 [57] . The source organism is indicated for the two main branches. The presence of hns-like gene in the same plasmid is indicated with a black circle.
other Enterobacteria and belong to a wide variety of incompatibility groups (IncK, H, L/M, P1 and X). This second group of Hha proteins are encoded in plasmids that, with a few exceptions, contain the hns copy, with the peculiarity that most of these hns genes are neighbouring the hha gene.
6. Hha-like proteins: helping to ehance the impact of HGT in enterobacterial genomic plasticity?
Whereas it is well established that HGT has important evolutionary consequences, its quantification and the determination of its impact on bacterial genomes are still matters of debate [47, 48] . Independent reports have used different approaches to estimate the presence of HGT DNA in bacterial genomes [49] [50] [51] .
A relevant question to be answered is whether the impact of HGT on genomic plasticity is similar or disparate in the different microbial groups. The analysis of 116 prokaryotic genomes by using the Bayesian method showed evidence of a differential impact of HGT in different genera. This method also evidenced that different enterobacterial genus such as E. coli, Salmonella, Shigella and Yersinia exhibit a high proportion of HGT DNA [52] . A recent report that analyzes the impact of HGT in protein family expansions further demonstrates that, when compared to other microbial groups, the impact of HGT is highest in the Enterobacteriaceae [53] . In addition, if the genomic variability of E. coli itself is considered, the impact of HGT is apparent [54, 55] . Mechanisms restricting unwanted expression of recently acquired DNA should play an important role in facilitating foreign DNA acquisition, allowing expression of the genes encoded to be optimized through an interplay with the host regulatory networks. A correlation between the presence of proteins facilitating integration of HGT DNA and the high genetic variability of representative Enterobacteriaceae is apparent. This correlation supports the hypothesis that these microorganisms have evolved mechanisms that promote HGT, resulting in a significant impact on their genomes which, in turn, may facilitate their adaptation to a wide range of niches. While this hypothesis needs to be substantiated, based on experimental work, at this stage it should be considered that, within the bacterial kingdom, the impact of HGT on genetic diversity can be significantly different between distinct bacterial groups and that some of them might have evolved mechanisms to potentiate that impact. H-NS and Hha-like proteins represent an example of such mechanisms.
